Neurodevelopmental impairment is common in children who have had surgery for congenital heart disease (CHD). Many studies have focused on children with d-transposition of the great arteries (TGA) because this condition is common, it has relatively standard anatomy and surgical repair, and is rarely associated with genetic syndromes. Despite the fact that repair has a low mortality and is usually straightforward, longitudinal follow-up studies of historical cohorts have demonstrated neurodevelopmental and learning difficulties in school-aged children who underwent the arterial switch operation (ASO) in infancy. Approximately one-half have deficits in at least 1 domain and one-third require remedial academic assistance (1, 2) .
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Multiple factors are likely to contribute to brain injury in children with CHD. In the past, attention has largely been focused on operative factors, such as surgical and perfusion strategies and early post-operative problems including reduced systemic oxygen delivery and organ dysfunction, as well as genetic, familial, and social influences (3) (4) (5) (6) . More recently the focus has expanded to include pre-operative events and pre-natal brain development. Pre-operative cerebral magnetic resonance imaging (MRI) abnormalities have been demonstrated in 25% to 40% of neonates with CHD. The predominant abnormality is white matter injury (WMI), with infarction, hemorrhage, and abnormalities of maturation also seen (7) (8) (9) (10) .
Findings differ as to the etiology of brain injury in newborns with TGA before surgery, with particular reference to the pattern of injury and the possible contribution of balloon atrial septostomy (BAS) as a risk factor. McQuillen et al. (11) reported pre-operative MRI abnormalities in 40% of infants with TGA, with the predominant injury-in contrast to other groups with CHD-being arterial ischemic stroke (75%). In these infants, brain injury was strongly associated with BAS. Those infants who had a BAS were more hypoxemic than those without, although this would not typically explain the presence of arterial ischemic stroke, which is more consistent with embolism.
As part of a large, 2-center prospective study of brain injury in newborns with CHD, we performed pre-operative MRI scans on infants with TGA, as well as other diagnostic groups including hypoplastic left heart syndrome (HLHS) and pulmonary atresia (PA) with ventricular septal defect. In both of our institutions, it has been standard practice to perform BAS on infants with TGA who do not have a generous intracardiac shunt at atrial or ventricular level. Typically, infants with TGA undergo BAS within 1 day of admission to our hospitals, after which prostaglandin infusion is discontinued and medical therapy is rapidly deintensified. An ASO is performed several days to a week later. The existing controversy regarding the nature of brain injury in infants with TGA before surgery, and the possible risk presented by BAS, may have important implications for our practice, given the frequency with which BAS is performed. Therefore, we sought to define the prevalence of brain injury, its nature (stroke or WMI), and the impact of BAS in our population, and to compare the risk of brain injury in TGA to other subgroups with complex CHD.
Methods
Patients. This study formed part of a larger prospective longitudinal investigation of brain injury in infants with CHD conducted at Starship Children's Hospital, Auckland, New Zealand, and The Royal Children's Hospital, Melbourne, Australia. The study population included infants with TGA, HLHS, and PA. Infants were excluded if they were Ͻ36 weeks gestational age or they had a recognized genetic or malformation syndrome. The study was approved by the local ethics committees and informed consent was obtained from all parents. Clinical and demographic data were collected prospectively by either a research fellow or research nurse. Three additional data fields were recorded retrospectively for the children with TGA to assess their relationship with brain injury. These included oxygen saturation measured by pulse oximetry (SpO 2 ) from observation charts before MRI, vascular access route for BAS, and administration of heparin for BAS. MRI studies. Pre-operative MRI scans were performed once the infants were clinically stable and before surgery. For infants who required BAS, MRI was undertaken after this procedure. The majority of infants were spontaneously breathing for their MRI scans. Before undergoing MRI, each infant was fed (where appropriate), wrapped, and placed in a vacuum fixation bean-bag designed to keep the infant still and supported. MRI studies were performed using a 1.5-or 3-T Magnetom Avanto (Siemens, Erlangen, Germany) Scanner. Standardized sequences were used for all studies including T1-(1-mm thickness) and T2-weighted (2-mm thickness) coronal and axial images and multidirectional axial diffusion weighted imaging (20 directions, 4-mm thickness).
MRI scans were reported independently by 1 of 2 neuroradiologists (L.C., A.H.) who were not aware of the clinical details or treatment of any of the infants. For the purpose of this analysis, brain injury was defined as the presence or absence of focal infarction (stroke), WMI, or hemorrhage (intraventricular or parenchymal). Stroke referred to discrete areas of hyperintensity on diffusion weighted imaging, with hypointensity on the corresponding apparent diffusion coefficient scan and/or hyperintensity on T2-weighted images. Size was reported by the extent of the vascular territory involved. WMI referred to discrete, usually punctate, foci of T1 hyperintensity and/or T2 hypointensity. This was classified as normal (no white matter lesions), minimal (Յ3 areas of WMI measuring Ͻ2 mm), moderate (Ͼ3 areas of WMI or those areas measured Ͼ2 mm but Ͻ5% of the hemisphere involved), or severe (Ͼ5% of the hemisphere involved) (11) . There were no adverse events related to MRI studies. BAS. The decision to perform BAS was made independently by the on-service pediatric cardiologist. The decision was based on the echocardiographic assessment-in particular, the size of any intracardiac communications and the presence of any restriction to interatrial mixing-and clinical criteria including hypoxemia and/or acidosis. BAS was performed either at the bedside in intensive care or in the catheterization laboratory. Echocardiographic guidance was used in all infants. Children who were not already intubated were anesthetized for the procedure. A 5-F Miller-Edwards (Edwards Lifesciences, Irvine, California) (Royal Children's Hospital) or a 6-F Rashkind (Medtronic Inc., Minneapolis, Minnesota) (Starship Children's Hospital) balloon catheter was introduced either directly to the umbilical vein or via a 6.3-F (Starship Children's Hospital) or 7-F (Royal Children's Hospital) sheath introduced to the femoral vein. Bolus heparin was not routinely given, although when a sheath was used, this was flushed with heparinized saline. The most common abnormality was WMI, which occurred in 17 infants (27%, 95% CI: 16% to 39%). WMI injury was mild in 16 infants (94%) and moderate in 1 infant (6%). Stroke was present in 3 infants (5%, 95% CI: 1% to 13%). The 3 strokes were of middle cerebral artery distribution and as follows: a 2-to 3-mm lesion in the right middle temporal gyrus in an infant with TGA who did not have a BAS, an infarction of the left caudate head with involvement of the adjacent white matter in an infant with TGA who did have a BAS, and infarctions in the right frontal cortex (10 mm) and right caudate head (3 mm) in an infant with HLHS. There were no strokes involving significant proportions of any single vascular territory. The infant with TGA who had a BAS and caudate head infarct also had WMI.
Brain injury occurred at similar rates in infants with TGA, HLHS, and PA. WMI was present in 27%, 23%, and 29% (p ϭ 1.0); stroke occurred in 5%, 8%, and 0% (p ϭ 0.68) for TGA, HLHS, and PA, respectively. BAS and brain injury in infants with TGA. There was no association between BAS and any brain injury, or with either WMI or stroke in infants with TGA (Table 1) . WMI was present in 30% of infants who had a BAS and 18% of infants who did not (p ϭ 0.70). Stroke occurred in 3% of those with a BAS and 9% of those without (p ϭ 0.44). The absolute risk difference for infants having a BAS compared with those who did not was 3% (95% CI: Ϫ27% to 33%) for brain injury, 12% (95% CI: Ϫ16% to 40%) for WMI, and Ϫ6% (95% CI: Ϫ24% to 12%) for stroke. In a retrospective power analysis, assuming a base rate of 5% for stroke (the rate in this series for all infants and also for those with TGA), this study had 84% power to detect a difference of 10% and 99% power to detect a difference of 15%.
Potential risk factors for brain injury.
For the group as a whole (TGA, HLHS, and PA) Apgar scores, measures of hypoxemia (average and lowest SpO 2 , lowest PaO 2 ), measures of cardiovascular dysfunction, and highest lactate levels were similar in patients with and without brain injury (Table 2) . Similarly, when considering only patients with TGA, there was no association between any of these clinical variables and brain injury ( Table 1 ). The route for BAS was umbilical in 19 patients (58%) and femoral in 14 (42%). BAS was performed on the day of birth or the next day in 85% and by day 2 in 94%. There was no association between either route or timing of BAS and brain injury. One child was given a bolus of heparin before BAS, and no other infants received bolus heparin for BAS. There was a trend toward increased brain injury in infants with an intact interventricular septum compared with those with a VSD (38% and 8%, respectively, p ϭ 0.075), regardless of BAS.
Discussion
This study has 5 important findings relating to brain injury in newborn infants with CHD before surgery. First, we showed that brain injury was present in 30% of our patients. Second, when considering diagnostic subgroups, brain injury occurred at similar rates in infants with TGA, HLHS, and PA. Third, the pattern of brain injury was characteristically limited to WMI, with stroke being uncommon. Fourth, there were no risk factors for brain injury for the group as a whole, including markers of birth asphyxia, cardiovascular instability, Categorical data are shown as n (frequency), parametric data as mean (SD), and nonparametric data as median (range). BAS ϭ balloon atrial septostomy; MAP ϭ mean systemic arterial blood pressure; MRI ϭ magnetic resonance imaging; PaO 2 ϭ arterial partial pressure of oxygen; SpO 2 ϭ oxygen saturation measured by pulse oximetry.
hypoxemia, and impaired systemic oxygen delivery. Finally, and of most relevance to clinical practice, we found no association between BAS and brain injury in infants with TGA, with brain injury after BAS occurring at similar rates to those in other diagnostic groups.
This study presents the largest cohort to date of preoperative MRI in infants with TGA. We chose to compare infants with TGA to infants with HLHS and PA because the latter two are representative of lesions with a high risk of brain injury that may be ischemic injury (HLHS) or hypoxemic and/or ischemic injury (PA). It has been suggested that pre-operative brain injury is more common in the biventricular circulation and post-operative injury more frequent in the functionally univentricular circulation, especially in HLHS (8) . This may be due in part to a preponderance of pre-operative injury in some series with TGA and the fact that infants with a functionally univentricular heart may be less stable in the early post-operative period. In our study, there was no difference between groups in the rate of brain injury before surgery. Furthermore, the overall rate of brain injury in our cohort was similar to that reported by other groups (7, 8, 10, 11) .
The nature of injury in our population was predominantly WMI. WMI is the most common type of injury after surgery in young infants with CHD and has been associated with hypoxemia and hypotension (3) . WMI has also been described before surgery and is sometimes labeled periventricular leukomalacia (3, 7) . We have chosen not to apply this term in our cohort because it is traditionally used to describe a pattern of injury seen on cranial ultrasound scans of pre-term infants that may evolve into cystic lesions over time. The WMI described before and after surgery in term infants with CHD does not appear to undergo the same radiologic and clinical evolution as periventricular leukomalacia in premature infants. It most likely relates to the vulnerability of immature oligodendrocytes to injury during the first 4 weeks of life (3, 12) . The etiology and timing of WMI is unclear and very likely multifactorial. Recent MRI studies have shown that term newborns with CHD have widespread abnormalities in brain maturation that are similar to those in premature infants and might render them particularly vulnerable to WMI (9) .
Stroke affected only 2 infants with TGA, was small in both cases, and was not associated with BAS. This prevalence and severity of stroke contrasted with that in the series by McQuillen et al. (11) , in which strokes affected nearly one-half of infants after BAS, and a proportion involved significant arterial territories. They found a risk difference of 63% for brain injury with BAS. For stroke in particular, our study has high power to exclude a risk difference of more than 10% to 15%. In order to further investigate the difference between the 2 series, we considered a number of potential contributory factors. The BAS catheters used in this series were similar to those described in the McQuillen et al. (11) study (without an end-hole), and in both studies bolus heparin was not routinely administered during BAS. In our institutions, at the end of the procedure the catheter and sheath (where applicable) were always removed; this practice is not detailed in the McQuillen et al. (11) series. It is unlikely that the MRI technique could have given rise to "false negative" findings with regard to stroke because the MRI sequences were very similar using either the same or a finer slice thickness. We also considered the time from BAS to MRI scan, which was slightly longer in our study, but is still well within an acceptable time frame for detecting stroke on either diffusion weighted imaging or T2-weighted scans. Moreover, arterial strokes would be expected to evolve rather than disappear within such a time frame.
We did not find any association between any physiological or other clinical variables and brain injury. A limitation of this study is that data relating to oxygen saturation was collected retrospectively and the frequency of measurements varied widely between patients, depending on their clinical status and the age at which they presented and at which the MRI scan was performed. With this caveat in mind, we were unable to find any association between brain injury and any objective marker of hypoxemia. Only 75% of our infants had arterial blood gas or lactate measurement performed before the BAS. This might introduce a bias in that infants who had these blood tests are more likely to be sicker and therefore potentially more likely to have brain injury. But there was no difference in the rate of brain injury between those who had blood tests and those who did not. The trend toward greater WMI in infants with TGA and intact ventricular septum may support a relationship between anatomy and brain development, or at least vulnerability to injury. It is likely that the fetal circulation is more abnormal in those with TGA and intact ventricular septum compared with TGA and VSD or other forms of congenital heart disease, as there is less intracardiac mixing with a greater risk of chronic in utero cerebral hypoxemia. Very few infants had evidence of birth asphyxia as evidenced by low 5-min Apgar scores. In addition, as observed by others, the typical pattern of brain injury seen with global hypoxicischemic encephalopathy (injury to the deep grey nuclei and parasagittal watershed cortex) (12) was not seen in any infants. This reinforces the notion that other factors such as fetal brain development and maturity may play a role. Relative immaturity of the brain in term infants with CHD has been described, but the relationship to injury is still unclear (9) . In addition, the neurodevelopmental significance of WMI in infants with CHD is unknown. Abnormal findings on MRI scan at term in very premature infants strongly predict adverse neurodevelopmental outcomes at 2 years of age (13) . Further studies of large numbers of infants with CHD are required to clarify these issues.
Characteristics of All Infants With and Without Brain Injury

Conclusions
Brain injury is present on MRI scan in 30% of infants with complex CHD before surgery. Brain injury occurs at a similar rate in infants with TGA compared with infants with either HLHS or PA and predominantly affects the white matter. Arterial ischemic strokes are uncommon in this population. There is no association between brain injury and BAS. Therefore, we would advise caution before recommending widespread changes in clinical practice.
